With the increasing popularity of selective lamellar From the
keratoplasty procedures, it is important to characterize the optical differences among penetrating keratoplasty (PK), deep anterior lamellar keratoplasty (DALK), and Descemet stripping automated endothelial keratoplasty (DSAEK). The impact of optical differences on the visual acuity (VA) in eyes after keratoplasty is significant. Quantitative evaluation of corneal higher-order aberrations (HOAs) of anterior and posterior surfaces using a rotating Scheimpflug-based corneal topographer, showed that eyes that undergo DSAEK have lower anterior corneal HOAs compared with eyes subjected to PK or DALK. In DSAEK, the anterior corneal surfaces are not replaced, which is in contrast to PK or DALK, where they are replaced. Through evaluation of corneal scatter with a densitometry program associated with the rotating Scheimpflugbased corneal topographer, 3 characteristic patterns of corneal scatter were found in eyes that had undergone keratoplasty. Investigation of the impact of corneal HOAs and corneal scatter on VA after keratoplasty showed that the VA was correlated significantly with corneal scatter. T he previous decade saw a renewed interest in modifications of lamellar keratoplasty to improve visual outcomes. Penetrating keratoplasty (PK) is still the most commonly performed corneal transplantation procedure in most parts of the world, and many corneal conditions will continue to require PK. However, because of advances in surgical techniques and technology, the current trend in corneal transplantation is to replace only the necessary tissue, that is, "selective lamellar keratoplasty" such as deep anterior lamellar keratoplasty (DALK) [1] [2] [3] or Descemet stripping automated endothelial keratoplasty (DSAEK). [4] [5] [6] [7] The advantages of DALK are the absence of theoretical endothelial graft rejection and expected retention of recipient endothelial cells. DSAEK has the advantages of rapid visual recovery and less irregular astigmatism. However, interface corneal opacification or corneal haze that might limit visual acuity (VA) outcomes is a major consequence of selective lamellar keratoplasty.
With the increasing popularity of procedures such as DALK or DSAEK, it is important to characterize the optical differences among PK, DALK, and DSAEK. Several factors can affect visual quality in eyes that have undergone keratoplasty. Factors related to the ocular surface and anterior segment include tear film dynamics, anterior and posterior corneal higher-order aberrations (HOAs), forward and backward scatter, and pupil decentering. Corneal HOAs [8] [9] [10] [11] [12] [13] and corneal light scattering [14] [15] [16] [17] [18] especially have been assessed quantitatively in numerous published studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ; however, little is known about the impact of corneal HOAs and scatter on VA.
In this review, we describe the characteristics of anterior/posterior corneal HOAs and corneal scatter in eyes subjected to 3 different keratoplasty procedures (PK, DALK, and DSAEK) and explore the impact of corneal HOAs and corneal scatter on VA after keratoplasty.
CHARACTERISTICS OF CORNEAL HOAS IN PK, DALK, AND DSAEK
We retrospectively reviewed the clinical charts of patients who underwent PK (n = 24 eyes), DALK (n = 28 eyes), or DSAEK (n = 19 eyes). We confirmed that patients had no clinically relevant postoperative corneal edema and that accurate, high-quality corneal topographic data were available. Twenty-nine normal eyes served as controls.
We investigated the corneal HOAs of anterior and posterior corneal surfaces using a Scheimpflug-based corneal topographer (Pentacam HR; Oculus, Inc, Wetzlar, Germany). We calculated the corneal HOAs for 4-mm pupils from differences between the height data and the best-fit sphere using a custom program for the anterior and posterior corneal surfaces. Obtained corneal HOAs were expanded with the Zernike polynomials up to the sixth-order. 19 For each pair of standard Zernike terms for trefoil, coma, tetrafoil, and secondary astigmatism, one value for the magnitude was calculated by Zernike vector analysis. [19] [20] [21] Using this method, the number of terms for the third-and fourth-order aberrations were reduced from 9 to 5, with values for magnitude only positive. Total HOAs were defined as the root mean square of the magnitudes for the third-, fourth-, fifth-, and sixth-order aberrations. Spherical aberration was expressed as a positive or negative value not an absolute value.
A comparison of anterior corneal HOAs among the 4 groups showed that the control group had significantly lower total HOAs and Zernike vector terms for the anterior and posterior corneal surfaces than the other 3 groups (P , 0.001; Fig. 1 ). The DSAEK group had significantly lower anterior corneal HOAs compared with the DALK and PK groups (P , 0.001 for both comparisons using the Kruskal-Wallis test). The mean trefoil, coma, and secondary astigmatism of eyes treated with DSAEK were significantly lower than in those treated with PK (P = 0.010, P = 0.005, and P = 0.001, respectively, using the Kruskal-Wallis test) and DALK (P = 0.029, P = 0.005, and P = 0.013, respectively, using the Kruskal-Wallis test; Fig. 1 ). There were no significant differences in the posterior corneal HOAs among the groups except for the spherical aberrations. The spherical aberrations on the posterior surfaces of eyes because of DSAEK differed significantly (P = 0.008 and P = 0.003, respectively, using the Kruskal-Wallis test) from those treated with PK and DALK ( Fig. 1) . Figure 2 shows color-coded maps of the anterior and posterior corneal HOAs in representative cases from each group. No clinically relevant HOAs were seen in control eyes. In eyes that had undergone PK and DALK, a marked increase in HOAs was found at the anterior corneal surface. Fewer alterations in the posterior corneal surface were found compared with the anterior corneal surface. In a DSAEK-treated eye, no marked color changes were observed in the anterior corneal HOA map; however, alterations visualized in the posterior corneal map were greater than in controls.
CHARACTERISTICS OF CORNEAL SCATTER IN PK, DALK, AND DSAEK
To measure corneal haze (backscattered light), the densitometry program of the rotating Scheimpflug camera (Fig. 3 ) was used. Corneal density was quantified on a scale from 0 (no clouding) to 100 (completely opaque) for the PK, DALK, DSAEK, and control groups. Peak metrics indicated the points at which corneal densitometry was greatest. The densitometry standard output values of each image were extracted, and the corneal density values of 25 images were averaged for each subject. To evaluate corneal scatter, patterns of corneal density were analyzed and values compared among the 4 groups.
Corneal density patterns were classified as normal, anterior peak, or double peak (Fig. 4) . The normal pattern, seen in all the controls, exhibited a gentle slope with a mild peak in the anterior cornea. The anterior peak pattern was characterized by a high and sharp peak in the anterior cornea, and the doublepeak pattern exhibited 2 sharp peaks in the anterior and posterior cornea. Of the eyes that underwent PK, 75% demonstrated the normal pattern, with the remaining 25% showing the anterior peak pattern. The double-peak pattern was not observed in the PK and control groups; however, 92% of eyes in the DALK and 57% in the DSAEK groups exhibited the double-peak pattern. This was the case even when the density value was similar to that in the normal controls. In eyes subjected to DSAEK, 42% demonstrated the anterior peak pattern.
The corneal density values of the postoperative cornea in eyes treated by PK, DALK, and DSAEK were 36.4, 46.2, and 45.6, respectively. Those values were significantly higher (P , 0.001 for the 3 comparisons using the Kruskal-Wallis test) than that of the normal controls (22.4; Fig. 5 ). There were no significant differences in maximal corneal density among the PK, DALK, and DSAEK groups.
IMPACT OF CORNEAL HOAS AND CORNEAL SCATTER ON VA
The correlation between anterior HOAs and VA, posterior HOAs and VA, and corneal scatter and VA were investigated in eyes that had undergone PK, DALK, or DSAEK. No correlations were found between the anterior or posterior HOAs and VA. However, there was variability within groups, and VA significantly correlated with corneal scatter (Fig. 6 ).
DISCUSSION
In our study, we showed that anterior and posterior corneal HOAs were similar in patients who underwent DALK and PK. DSAEK was associated with lower anterior corneal HOAs than PK and DALK, but these were still higher than normal controls. The posterior corneal HOAs in DSAEKtreated eyes were largest among the 3 groups, although the difference was not significant. It is possible that increases in posterior corneal HOAs in these eyes partially results from donor grafts. These grafts vary in thickness because of asymmetric trephination or decentration of the corneal grafts. Therefore, the contribution of the posterior surface to optimal corneal optical performance cannot be ignored.
Evaluation of the corneal scatter measurements indicated that there was increased scatter from both the anterior and posterior cornea in DSAEK-treated eyes. The increased backscatter may have been caused by interface haze. Patel et al 17 also reported that backscatter in the anterior and middle third of the cornea was higher after deep lamellar endothelial keratoplasty compared with PK during most of the first postoperative year. We speculated that, for at least some DSAEK-treated eyes, anterior backscatter might result from chronic changes because of long-standing bullous keratoplasty. Although the origin is unknown, it is of interest that corneal haze was present in the anterior cornea of eyes that underwent PK. However, this haze was undetected upon slit-lamp examination.
Our study showed a correlation between VA and corneal scatter. Yamaguchi et al 12 reported that VA correlated with anterior corneal and total HOAs. Patel et al 14 reported that increased backscatter correlated with decreased high-and low-contrast vision in PK-treated eyes and that VA correlated with forward light scatter in eyes treated with deep lamellar endothelial keratoplasty. 15 The inconsistency between our study and previous studies could possibly be accounted for by differences in measurement methods and patients. A possible reason for the absence of correlation between anterior corneal HOAs and VA in our study might have been the effect of corneal irregularities in 4-mm pupils. Considering this, measurement of HOAs in smaller pupils might be of greater assistance in the future.
Because our study was retrospective, factors including follow-up periods or surgical indications might have affected the results. Therefore, we propose an investigation that compares DALK or DSAEK with PK to clarify the optical characteristics of each procedure and to assess the advantages of lamellar keratoplasty over PK.
In conclusion, quantitative evaluation of corneal aberrations and scatter caused by anterior and posterior
